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Experimental details
Materials
All reagents were obtained from commercial sources and used as received. Solvents were purified using MBRAUN MB SPS-800 system. Anhydrous solvents used in Suzuki coupling reaction were degassed by N 2 bubbling for 20 min. Poly-Nvinylcarbazole (PVK) was purchased from Sigma-Aldrich and the average molecular weight (Mw) is 1100000.
The detailed synthetic procedures of 2,7,12-tris(4-methoxyphenyl)-5, 10, 15-triethtltriindole (SP-11) and 2,7,12-tris(N,N-bis(4-methoxyphenyl)aniline)-5, 10, 15-triethtltriindole (SP-12) were provided in the supporting information (Scheme S1). 4- bromo-N,N-bis(4-methoxyphenyl)aniline (2) and N,N'-bis(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioaborolan-2-yl)aniline (3), [1] 6-bromo-N-ethylisatine (5), 6-bromo-N-ethyloxindole (6), and 2,7,12-Tribromo-5,10,15-triethyltriindole (2-Br-TAT), [2] and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt(III) tris (bis(trifluoromethyl sulfonyl)imide)) (FK209) [3] were prepared according to the procedures in the literatures. Dupont 2100 instrument from room temperature to 800 C with a heating rate of 10 C min -1 in the air.
Ultraviolet photoelectron spectroscopy
The TiO 2 /CH 3 NH 3 PbI 3 , TiO 2 /CH 3 NH 3 PbI 3 /PVK and PVK layers were deposited onto cleaned ITO by spin-coating, respectively. UPS spectra were acquired from He I (21.22 eV) excitation lines using a ESCALAB 250 system (Thermo Fisher Scientific)
at base pressure of 5×10 -10 mbar. All experiments were calibrated to the Fermi edge of an atomically clean gold surface.
Hole mobility measurement
For the SCLC hole-only diode devices, a poly(3,4-ethylenedioxythiophene):
poly(styrene-sulfonate) (PEDOT:PSS) coated indium tin oxide (ITO) substrate was used to enable hole injection. The HTM layers were prepared by evaporation method.
MoO 3 /Al was used as the top electrode which preferentially allows for hole collection and hinders electron injection.
Fabrication of solar cells
Optically transparent fluorine doped SnO 2 (FTO) conducting glass was purchased from Nippon Sheet Glass (15 Ω/square), Japan, and cleaned by a standard procedure. [4] FTO glass was etched with Zinc powder and aqueous HCl solution (2 M), and then cleaned with the deionized water, alcohol, and acetone successively by ultrasonication.
A TiO 2 compact layer was prepared onto the FTO by spin-coating with TiO 2 nanocolloidal solution [5] at 3000 rpm for 60 s and then it was calcined at 500 o C for 1 For the metal electrode, a 50 nm Au cathode layer was deposited by magnetron sputtering and an active area of 0.16 cm 2 was defined. [7] Device Characterization
The current-density voltage (J-V) curves of PSCs were recorded by using a Keithley 2400 source meter under illumination of one sun AM 1.5 G (100 mW cm -2 ) with a solar light simulator (Oriel, Model:91192), [8] which was calibrated with a NREL standard Si 
